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Phospholamban (PLN) inhibits the sarco(endo)plas-
mic reticulum Ca2+-ATPase (SERCA), thereby
regulating cardiac diastole. In membranes, PLN
assembles into homopentamers that in both the
phosphorylated and nonphosphorylated states
have been proposed to form ion-selective channels.
Here, we determined the structure of the phosphory-
lated pentamer using a combination of solution and
solid-state nuclear magnetic resonance methods.
We found that the pinwheel architecture of the homo-
pentamer is preserved upon phosphorylation, with
each monomer having an L-shaped conformation.
The TM domains form a hydrophobic pore approxi-
mately 24 A˚ long and 2 A˚ in diameter, which is incon-
sistent with canonical Ca2+-selective channels.
Phosphorylation, however, enhances the conforma-
tional dynamics of the cytoplasmic region of PLN,
causing partial unwinding of the amphipathic helix.
We propose that PLN oligomers act as storage for
active monomers, keeping SERCA function within a
physiological window.
INTRODUCTION
Phospholamban (PLN), a 52-residue membrane protein, is
involved in the Ca2+ regulation pathway in cardiac myocytes
(MacLennan and Kranias, 2003; Simmerman and Jones, 1998;
Tada et al., 1975). To initiate muscle contraction, Ca2+ ions enter
the sarcolemmal membrane and stimulate the release of Ca2+
from the sarcoplasmic reticulum (SR) by the ryanodine receptors
(the calcium-induced-calcium-release mechanism). Ca2+ ions
then bind the troponin complex, signaling muscle contraction.
The relaxation phase takes place when Ca2+ is transferred
back into the SR by the sarco(endo)plasmic reticulum Ca2+-
ATPase, SERCA2a. A small membrane protein, PLN, binds and
downregulates SERCA function by reducing its apparent Ca2+
binding affinity. PLN’s secondary structure comprises two
helical segments joined by a short dynamic loop (Zamoon et
al., 2003). The transmembrane (TM) helix, spanning residues
25–51, constitutes the inhibitory domain (Kimura et al., 1996),Structure 21, 2119–21and the cytoplasmic helix bearing the phosphorylation sites
has a regulatory role, reversing PLN’s inhibitory function upon
phosphorylation at Ser16 (Li et al., 1998). Both in vitro and in vivo
studies have demonstrated that PLN forms a stable homopen-
tamer (Li et al., 1998). However, the role of this homopentamer
is at the center of an active debate.
One hypothesis is that PLN forms Ca2+ (Kovacs et al., 1988) or
Cl (Oxenoid and Chou, 2005) selective channels, based on
initial patch-clamp measurements and electrochemical mea-
surements with PLN reconstituted in artificial membranes, which
indicated that several different ions were likely transported by
PLN. In contrast, other groups hypothesize that the PLN homo-
pentameric assembly may act as a buffer or as storage, regu-
lating the concentration of active monomers available to bind
SERCA and keeping its function (Ca2+ concentration) within a
physiological window. The latter notion is supported by
biochemical and molecular biology data showing that the pres-
ence of SERCA shifts the homopentamer/monomers equilibrium
toward PLN monomers, forming 1:1 SERCA/PLN complexes
(Kimura et al., 1997). Additionally, it has been shown that
mutants that promote PLN oligomerization upregulate SERCA,
whereas mutants that enhance deoligomerization downregulate
the ATPase, reducing Ca2+ flux and resulting in heart failure pro-
gression in mice models (Chu et al., 1997).
The recently solved structure of the nonphosphorylated state
of PLN in lipid membranes revealed a pinwheel topology of the
homopentamer, with a long hydrophobic TM pore (24 A˚) of
relatively small diameter (2 A˚) that cannot accommodate pas-
sive transport of hydrated Ca2+ or Cl ions (Becucci et al.,
2009; Verardi et al., 2011). However, recent physiological studies
reinstated the Ca2+ channel hypothesis, proposing that phos-
phorylated PLN pentamer may form ion channels that increase
Ca2+ leak (Smeazzetto et al., 2011).
In this work, we sought to clarify the role of phosphorylation
in pentameric PLN. Using a combination of solution and solid-
state nuclear magnetic resonance (ssNMR) spectroscopy, we
determined the structure, topology, and conformational dy-
namics of the phosphorylated PLN pentamer. We found that
upon phosphorylation, pentameric PLN retained its overall archi-
tecture within the lipid membranes, with an average structure
resembling the pinwheel conformation found for the nonphos-
phorylated PLN. In combination with earlier electrochemical
measurements (Becucci et al., 2013), the structural topology of
phosphorylated PLN is not consistent with the formation of an
ion-selective channel, and instead supports an active role of30, December 3, 2013 ª2013 Elsevier Ltd All rights reserved 2119
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Structural Dynamics of Phosphorylated PLN Pentameroligomerization in maintaining the population of active mono-
mers within a physiological window of SERCA inhibition.
RESULTS
Hybrid Solution/ssNMR Structure of Phosphorylated
PLN Pentamer
On an SDS-PAGE gel, we observed the pentameric assembly of
PLN at an apparent molecular weight of25 kDa, which is lower
than its formula weight (30 kDa) (Wegener and Jones, 1984).
Despite this difference in mobility, we readily identified the phos-
phorylated species by the gel shift relative to the nonphosphory-
lated form of the protein (Figure S1 available online). The correct
molecular weight was confirmed by electrospray ionizationmass
spectrometry (ESI-MS). Under ESI-MS conditions, deoligomeri-
zation of the pentamer occurred and the protomers were detect-
able in the 700–1,300 m/z window, corresponding to the PLN
forms bearing five to nine charges. In all cases, PLN incubated
with PKA-C exhibited a mass shift corresponding to one phos-
phate group per monomer.
The [1H,15N] heteronuclear single-quantum correlation spec-
troscopy ([1H,15N]-HSQC) spectra of the nonphosphorylated
and phosphorylated forms of wild-type PLN (PLNWT) reconsti-
tuted in dodecylphosphocholine (DPC) micelles are very similar
(Figure S3). A single resonance is observed for each residue,
indicative of the symmetric nature of the pentamer. The hydro-
phobic segments of the proteins (clusters of peaks centered at
8.5 ppm in 1H dimension) are essentially superimposable.
The residues that were most affected by phosphorylation are
located close to Ser16, with other chemical shift perturbations
detected for residues in the flexible loop and domain Ib. These
structural features closely resemble those observed for the
phosphorylated monomeric PLN, where the three cysteine resi-
dues in the TM domain are mutated into Ala and Phe to prevent
pentamerization (Metcalfe et al., 2004). The plots of the chemical
shift perturbations of the phosphorylated proteins (monomer and
pentamer) relative to the nonphosphorylated form are very
similar, showing that phosphorylation perturbs both forms and
these changes are independent of the oligomeric state of PLN.
The chemical shift data have been deposited in the Biological
Magnetic Resonance Bank under accession code 18952.
The [1H, 15N] nuclear Overhauser effect spectroscopy
(NOESY)-HSQC spectra of PLNWT phosphorylated at S16
(pS16-PLNWT) show the typical signature of regular a helices,
including (a, a+3), (a, a+4), and (b, b+3) NOE connectivities.
This pattern is present in the TM domain and the N-terminal
segment of the cytoplasmic domain, but is interrupted for the
residues spanning 16–26, indicating a disruption of the helical
secondary structure.
To determine the architecture of the phosphorylated pentamer
in lipid bilayers, we reconstituted pS16-PLNWT in mechanically
aligned 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipid bila-
yers and carried out [1H,15N] polarization inversion spin
exchange at the magic angle ([1H,15N]-PISEMA) experiments.
The PISEMA spectrum displays three main features: a cluster
of resonances corresponding to the TM segment, a region where
the amide groups of the in-plane cytoplasmic helix resonate, and
high-intensity signals centered around the isotropic chemical2120 Structure 21, 2119–2130, December 3, 2013 ª2013 Elsevier Ltdshift values that correspond to highly dynamic residues as well
as the side-chain resonances. The TM region of PLN comprises
25 hydrophobic residues arranged in an a-helical conformation,
giving rise to a complex spectrum with only a few resolved res-
onances (Traaseth et al., 2007). To assign the individual signals,
we employed a combination of residue-type labeling schemes
using recombinant proteins as well as synthetic samples (Fig-
ure 1). Synthetic samples with four sequentially labeled residues
yielded well-resolved spectra in which we were able to identify
the individual residues. The a helix geometry dictates the unique
assignments of the labeled four amino acid stretches that consti-
tute part of the hydrophobic zippermotif (Landschulz et al., 1988;
Simmerman et al., 1996). The PISEMA spectral signature is
similar to that observed for the nonphosphorylated form (Traa-
seth et al., 2007). This spectrum enabled us to define the assign-
ment of all the resonances.
The spectrum of the 15N-Leu-labeled sample confirmed the tilt
and azimuthal rotation angle adopted by the TM domain. The
dispersions of the chemical shifts and dipolar couplings, as
well as the intensities of the resonances, are indicative of resi-
dues clustered primarily on one face of the helix (Figure 1C).
The 15N-Leu spectrum obtained using synthetic samples
provided additional assignments for the remaining Leu residues;
these were then used as restraints in the structure calculations
and classified as ambiguous (Nilges, 1997; Figure S4). The reso-
nances at the C terminus show scaled dipolar and chemical shift
values due to their dynamic nature; therefore, these values were
not used as constraints for the structure calculation. To assess
the orientation of the juxtamembrane domain Ib and the loop,
we labeled PLN with 15N-Gln and 15N-Glu. Whereas the values
of the dipolar couplings and chemical shifts of those residues
located in the loop are scaled by conformational dynamics, res-
idues in the juxtamembrane domain Ib are more rigid, giving
valuable constraints to determine PLN topology and assisting
in the determination of the orientation of the cytoplasmic domain
Ia (Figure 1).
To compare the tilt angles between the nonphosphorylated
and phosphorylated forms of PLNWT, we recorded PISEMA
spectra of U-15N-labeled proteins in dimyristoylphosphatidyl-
choline (DMPC)/1-palmitoyl,2-oleoyl-sn-glycero-3-phospho-
choline (POPC)/dihexanoylphosphatidylcholine (DHPC) bicelles.
The samples were prepared in D2O to eliminate those reso-
nances that are in contact with the bulk solvent (Figures S5B
and S5C). From the analysis of the two spectra, we concluded
that the dipolar coupling and anisotropic chemical shift pattern
for the TM domains overlaps with that of the nonphosphorylated
form, indicating that the tilt and rotation angles of the pS16-
PLNWT species are similar to those of the nonphosphorylated
protein. Because the hydrophobic length of the DMPC/POPC
is 4 A˚ shorter than the DOPC/DOPE membrane (de Planque
and Killian, 2003), the tilt angle of PLN is affected by the pro-
tein-lipid interactions. In fact, the size of the PISA wheel (dipolar
coupling and anisotropic chemical shift pattern) (Marassi and
Opella, 2000; Mascioni and Veglia, 2003; Wang et al., 2000) in bi-
celles is larger than that measured in mechanically aligned lipid
bilayers. The dipolar couplings measured for the TM domain in
mechanically aligned samples range from 4 to 9 kHz; in contrast,
thosemeasured in bicelles range from 2 to 8 kHz. In principle, the
data from both bicelles and mechanically aligned samples canAll rights reserved
Figure 1. PISEMA Spectra of Selectively Labeled pS16-PLNWT in Mechanically Aligned DOPC/DOPE Lipid Bilayers
(A–C) Samples were prepared with synthetic (A) or recombinant (B and C) proteins. Two spectra obtained from different synthetic samples are color-coded in (A).
(D and E) Definitions of topological angles t (tilt), r (rotation), q (angle between helices) (D), and their calculation from the structural data (E). The structural model of
pS16-PLNWT pentamer illustrates the tilt angles of the TM (tTM) and cytoplasmic (tCYT) helices, defined as the angles between the applied magnetic field (B0) and
the corresponding a helix vectors ð h!Þ. The interdomain angle q is defined between the vectors h!TM and h!CYT. Performing successive right-handed rotations of
an a helix by negative t and negative r aligns the reference atom (blue) with the x axis (see Table 1). Helical axes were calculated using the average direction of
carbonyl bonds, employing script from the PyMOL repository.
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only those determined in the DOPC/DOPE mixture, which
closely mimics SR membrane composition for structural refine-
ment (Gustavsson et al., 2011b).
To determine intermonomer distances in the pentameric as-
sembly in the lipid bilayer membrane, we reconstituted the pen-
tameric phosphorylated PLN in lipid vesicles and performed
magic angle spinning (MAS) experiments. We employed an
asymmetric labeling scheme previously utilized for both solution
NMR and ssNMR experiments, labeling 13C Leu of one protomer
and 13C Ile of the other protomer (Verardi et al., 2012). The isoto-
pically labeled proteins were expressed individually and mixed
together in a 1:1 molar ratio (Traaseth et al., 2008b). Using this
isotopic scheme in concert with dipolar-assisted rotational reso-
nance (DARR) experiments (Takegoshi et al., 2001), we were
able to detect the dipolar contacts between adjacent protomers.
The DARR spectrum of pS16-PLNWT reported in Figure 2 ex-
hibits several cross-peaks between Leu and Ile of the adjacent
protomers. Remarkably, the interactions are not limited to the
methyl-methyl contacts alone; several interprotomer cross-
peaks between Cb and Ca resonances are also detected. The
DARR cross-peaks show multiple dipolar interactions between
one or more Leu (nine residues in the domain II) and one orStructure 21, 2119–21more Ile (six residues), with the latter indicating the tight packing
of the protomers’ interface. Although this labeling scheme does
not provide resonance-specific assignments, the dipolar con-
tacts can be used in structure calculations as ambiguous long-
range distances, and can easily be assigned when combined
with the orientational restrains fromSLF experiments (Figure 2C).
The network of dipolar interactions coincides with that observed
for PLNWT, indicating a similar arrangement of the TM domains.
The rotation angles calculated from the SLF data restrict the
interfacial orientations between the protomers, defining the
Leu-Ile zipper motif between residues 33, 40, 47 (Ile) and 37,
44, 51 (Leu). Furthermore, the rotation angle of the TM helices
positions the helices such that Ile residues of a given protomer
interlock with Leu of an adjacent protomer located clockwise, re-
sulting in a left-handed coiled-coil arrangement (Figure 3; Crick,
1953; Walters and DeGrado, 2006).
Summaries of the experimental restraints and the common
metricsused toassess thestructurequality areprovided inTables
1 and 2, respectively. Since the azimuthal orientation of the cyto-
plasmic domains relative to the TM domains is restrained only by
steric interactions between them, the cytoplasmic helix for an in-
dividual protomer can cover an azimuthal range of approximately
180 (Figure 3), leading to a large root-mean-square deviation30, December 3, 2013 ª2013 Elsevier Ltd All rights reserved 2121
Figure 2. Leu-Ile Zipper in pS16-PLNWT
(A) Arrangement of Leu (red) and Ile (green) side
chains on the structure of pS16 form (one protomer
is removed for clarity).
(B) Strips fromDARR spectrum of themixed Ile and
Leu pS16-PLNWT (each protomer labeled with only
one amino acid type).
(C) Ambiguous restraints modeled from the DARR
data.
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Structural Dynamics of Phosphorylated PLN Pentamer(rmsd) for the whole pentameric assembly in both the nonphos-
phorylated and phosphorylated forms. Nevertheless, if the struc-
tures are analyzed in terms of the individual domains, the rmsd
values drop sharply to acceptable values. Orientation of the TM
domain is still governed by the Leu-Ile side-chain packing, which
tolerates little variation in topology of the TM helix (Table 3). The
ordered segment of the cytoplasmic domain is not altered by
phosphorylation either, as the negatively charged phosphate
group does not shift the domain’s amphiphilic character. The
structural ensemble has been deposited in the Protein Data
Bank (PDB) under accession code 2M3B.
As shown previously (Cornea et al., 2000), the monomeric
mutant of PLN is capable of inhibiting SERCA and the monomer
is likely to be the biologically active species, although recent
works have proposed the pentamer to be the inhibitory species
(Glaves et al., 2011). To assess the inhibitory activity of PLNWT
in the nonphosphorylated and pS16 states, we performed
coupled-enzyme assays to establish the shift of the calcium con-
centration required for SERCA in the presence of PLN to regain
its initial activity (DpKCa). As shown in Figure 4, the addition of
PLNWT shifts the activity curve toward the higher calcium con-
centrations, causing a pKCa shift of 0.3, which is nearly 50% of
the monomeric PLNAFA DpKCa (Gustavsson et al., 2011b). For
the phosphorylated species of PLNWT, we observe the complete
relief of inhibition, in line with what was observed for pS16-
PLNAFA. If the pentamer were indeed the inhibitory form of
PLN, one would expect it to increase SERCA inhibition in com-2122 Structure 21, 2119–2130, December 3, 2013 ª2013 Elsevier Ltd All rights reservedparison with the monomeric PLNAFA;
however, we observe the opposite trend.
As noted earlier, pentameric PLNWT exists
in equilibrium with the monomeric spe-
cies, with the equilibrium being shifted
toward the former. The decrease in the
available monomeric units for PLNWT
and the decrease in SERCA inhibition
caused by PLNWT in comparison with
PLNAFA are in line with the explanation
that monomeric PLN is the active inhibi-
tory form.
Conformational Dynamics of
Pentameric Phosphorylated PLN
To probe the motions of PLN, we
measured the longitudinal (T1) and trans-
verse (T2) nuclear relaxation times and
converted them into longitudinal and
transverse relaxation rates (R1 and R2,
respectively). As a proxy for conforma-tional dynamics, we also measured 1H-15N heteronuclear
steady-state NOE (HX NOE; Figure S6). These relaxation param-
eters were measured at two magnetic field strengths. The relax-
ation parameters for the TM regions of both phosphorylated and
nonphosphorylated forms of PLN were very similar. Domains Ia
and II exhibited different spin-lattice relaxation rates, and the
mean values of the cytoplasmic domain were approximately
20%–50% higher for the nonphosphorylated and pS16 forms
(Figure S6). Both nonphosphorylated and phosphorylated
PLNWT showed very similar R1 values, which were mostly sensi-
tive to the global tumbling of the proteins. At higher fields, there
was a uniform increase in the longitudinal relaxation rates, sug-
gesting that the global correlation time is not influenced by
phosphorylation.
The relaxation parameters for pentameric WT and monomeric
(AFA) PLN are compared in Figures 5 and S6. To estimate the
local correlation times, we plotted the R2/R1 ratios along the
sequence of PLN (Jarymowycz and Stone, 2006). We note
substantial differences between resonances located in the cyto-
plasmic domains and those belonging to the TM domains. How-
ever, the dimensionless values of the R2/R1 ratios of the pentam-
ers are similar to those of the monomeric species, indicating that
the dominant factor contributing to the rotational correlation
times is the size of the DPC micelle coating the proteins (de Me-
deiros et al., 2010; Vostrikov et al., 2011b). Similar to the case
with monomeric PLNAFA (Metcalfe et al., 2004, 2005), phosphor-
ylation of PLNWT did not affect the motions of the TM helix.
Figure 3. NMR Ensembles of PLNWT in Non-
phosphorylated and Phosphorylated Forms
Structural ensembles of PLNWT in the non-
phosphorylated (left) and pS16 (right) forms as
viewed along the membrane normal (A and B) or
perpendicular to it (E and F). Structures are aligned
on all backbone atoms. Residues 1–17 are shown
in ribbon projection, illustrating disorder near
the phosphorylation site when the alignment is
performed on the heavy atoms of only these resi-
dues (C and D). Side chains of the cytoplasmic
domain are shown as sticks. Carbon atoms of the
side chains are colored green for hydrophobic
residues and cyan for hydrophilic ones. Structural
statistics are reported in Tables 1, 2, and S3 and
Figures S7 and S8.
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phorylated and phosphorylated proteins led to a decreased
R2/R1 ratio for pS16-PLN. These changes are apparent for
PLNWT, as the R2/R1 ratios are relatively constant throughout
the sequence, with the exception of residues located near Ser16.
The difference between the two major helical domains of PLN
is also apparent in the R13 R2 products (Kneller et al., 2002; Fig-
ure S6). Although the values for the TM helices are similar within
experimental error, the values for the cytoplasmic domain of the
pS16-PLN are consistently lower than those of the nonphos-
phorylated form. Moreover, the changes near Ser16 are more
pronounced and also present in the flexible loop. Other varia-
tions are also observed in the N-terminal residues of domain Ib
from residue 22 to approximately residue 25, a crucial region
for SERCA regulation (Kimura et al., 1998). Interestingly, this re-
gion shows opposite effects upon phosphorylation, exhibiting
the highest R1 3 R2 values throughout the entire sequence.
These elevated R1 3 R2 values are indicative of the presence
of motion in the microseconds-to-milliseconds timescale. The
pentameric and monomeric forms of pS16-PLN differ in the
length of this region, i.e., whereas PLNWT has higher R1 3 R2
values immediately after P21, the monomer PLN has a longer
stretch of residues with higher values, extending to the loop.
Finally, we calculated R1 3 (1 – NOE) values that are used to
characterize fast (picoseconds-to-nanoseconds) timescale
dynamics (Jarymowycz and Stone, 2006). Figure 5 shows that
phosphorylation at S16 leads to an increase of the local motions
manifested by the elevated R13 (1 – NOE) values. Considerable
differences are observed between the pS16 forms of WT and
monomeric proteins. For pS16-PLNWT, the N-terminal residues
are largely unaffected, whereas those located in the middle of
the cytoplasmic domain up to the beginning of domain II displayStructure 21, 2119–2130, December 3, 2013 ªincreased motions. Conversely, pS16-
PLNAFA displays changes in the fast-
motion regime throughout the entire
cytoplasmic region, including domain
Ia, loop, and domain Ib.
The increased conformational dy-
namics of the phosphorylated cyto-
plasmic helix were confirmed by solvent
accessibility data. To determine the
exposure of each residue to the solvent,or its depth of insertion into the aliphatic core of the micelle,
we performed [1H, 15N]-NOESY experiments on pS16-PLNWT
in protonated DPC and quantified theNOE cross-peaks between
the amide resonances and the water peak (for solvent-exposed
residues), or between amides and the aliphatic resonances of the
DPCmolecules (for residues buried in the membrane; Figure S5;
Ferna´ndez et al., 2002). Although the nonphosphorylated PLN
exhibited an oscillatory NOE pattern demonstrating a strong as-
sociation between the amphipathic domain Ia and the micelle
(Verardi et al., 2011), the majority of the pS16 cytoplasmic
domain exhibited NOE cross-peaks between amide groups
and the water resonance. The only exceptions were Y6 and L7,
which showed cross-peaks with both the bulk solvent and the
micelles, demonstrating that these residues populate two major
states: one in contact with the micelle and one exposed to the
solvent. Residues 26–27 in domain Ib located at the membrane
interface show several NOE cross-peaks with the aliphatic
chains of the DPC micelle. Nonetheless, these residues are still
partially accessible to water, whereas the rest of the sequence
makes contact only with the micelle.
Together with the spin relaxation data, the NOE patterns indi-
cate that phosphorylation increases the dynamics in this
domain, and shifts the population of PLN from the micelle-
absorbed T state toward the micelle-desorbed R state (Gustavs-
son et al., 2011a).
DISCUSSION
The physiological response to PLN phosphorylation is a net in-
crease of the ATPase’s apparent affinity for Ca2+, with a
concomitant augmentation of muscle contractility. The molecu-
lar mechanisms for this process are unknown. One possibility is2013 Elsevier Ltd All rights reserved 2123
Table 1. Experimental Structural Restraints Employed during the
Structure Calculation—per Protomer
NOE
Strong 42
Medium 111
Weak 259
Intraresidue (i = j) 175
Sequential (ji  jj = 1) 140
Medium-range (ji  jj = 2) 47
Long-range (ji  jj > 2) 62
Dihedral restraints
Phi 43
Psi 43
DARR restraints 9
Planar restraints 3
SLF restraints, unique/ambiguous
Chemical shifts 10/4
Dipolar couplings 10/4
Table 2. Structural Statistics of apo—PDBEntry 2KYV—and pS16
Forms of WT PLN: Ensemble of 20 Structures
Criterion S16 pS16
Ramachandran angles (Procheck), per cent
Most favored 93.9 93.0
Additionally allowed 5.8 6.4
Generously allowed 0.3 0.3
Disallowed 0.0 0.3
Helical residues (DSSP) 3–17, 25–51 2–14, 24–51
Clashscore (Molprobity) 3.1 ± 1.6 6.0 ± 1.7
Molprobity score 1.8 ± 0.3 2.4 ± 0.2
rmsd of helical domains (A˚)a
TM domain
Backbone (pentamer) 0.6 ± 0.1 1.6 ± 0.3
Heavy atom (pentamer) 1.3 ± 0.1 2.1 ± 0.3
Backbone (protomer) 0.4 ± 0.1 1.3 ± 0.3
Heavy atom (protomer) 1.1 ± 0.1 1.8 ± 0.3
Cytoplasmic domain
Backbone (pentamer) 4.8 ± 0.8 5.6 ± 1.5
Heavy atom (pentamer) 5.4 ± 0.8 5.8 ± 1.5
Backbone (protomer) 1.0 ± 0.2 0.2 ± 0.1
Heavy atom (protomer) 1.6 ± 0.2 0.5 ± 0.2
Data were evaluated using the Protein Structure Validation Suite (Bhatta-
charya et al., 2007),Molprobity (Davis et al., 2007), Pymol (DeLano, 2008),
and in-house-developed scripts.
aThe rmsd was calculated using the helical domains of each ensemble
member as a reference structure. The reported values correspond to
the average ± SD of the individual rmsds. The calculation was performed
in Pymol, using in-house-developed scripts built around the ‘‘intra_fit’’
function.
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Structural Dynamics of Phosphorylated PLN Pentamerthat PLN forms ion channels that increase Ca2+ flux into the SR
membrane, thereby increasing diastole. Patch-clamp experi-
ments, electrochemical measurements with synthetic mem-
branes, and the PLN pentamer structure determined in detergent
micelles support this hypothesis (Oxenoid and Chou, 2005;
Smeazzetto et al., 2013). However, the structural topology of
the PLN pentamer in lipid bilayers does not reveal the canonical
architecture of an ion channel (Traaseth et al., 2007, 2008a; Ve-
rardi et al., 2011). The pentameric assembly with a pinwheel to-
pology displays a narrow and hydrophobic pore 25 A˚ in length
and 2 A˚ in diameter on average (Traaseth et al., 2007, 2008a;
Verardi et al., 2011). Free-energy calculations show that the en-
ergy barrier for Ca2+ ion transport is 40 kcal/mol, which is pro-
hibitive in the absence of an energy source (Becucci et al., 2009).
A recent paper raised the possibility that phosphorylation at
Ser16 might be responsible for ion transport or Ca2+ leakage
(Aschar-Sobbi et al., 2012), motivating our structural studies.
Several previous biophysical studies have examined pS16-
PLN using methods such as circular dichroism (Terzi et al.,
1992), fluorescence (Li et al., 1998), electron paramagnetic reso-
nance (Cornea et al., 1997), solution NMR in an organic/aqueous
mixture (Pollesello and Annila, 2002), and site-specific ssNMR
(Chu et al., 2010). These studies excluded major conformational
changes in the TMdomain of PLN, whichwould justify the forma-
tion of a channel. Cornea et al. (1997) showed that upon phos-
phorylation, the thermostability of the pentamer increases and
may affect the number of regulatory monomeric protomers, sug-
gesting that electrostatic interactions due to phosphorylation at
Ser16 cause a complete rearrangement of the cytoplasmic
amphipathic helix. However, the structure and dynamics of the
Ser16 phosphorylatedmonomeric PLN in DPCmicelles revealed
only a local unwinding of the cytoplasmic helix in the proximity of
the phosphorylation site, without substantial long-range struc-
tural effects in the TM domain (Metcalfe et al., 2005). The latter
finding was supported by a study carried out by Abu-Baker
and Lorigan (2006), who used site-specific ssNMR measure-
ments to demonstrate that the TM domains of PLN are essen-2124 Structure 21, 2119–2130, December 3, 2013 ª2013 Elsevier Ltdtially intact upon phosphorylation, with minor structural and
dynamical effects localized to the cytoplasmic domain. On the
other hand, fluorescence resonance energy transfer (FRET) ex-
periments with probes engineered in both the cytoplasmic and
TM domains of PLN suggested an increase in helical content
(Li et al., 2003). A comparison between PLNWT and its pseudo-
phosphorylated analog, in which negatively charged glutamic
acid is substituted for serine, did not reveal significant differ-
ences between the two states (Oxenoid et al., 2007).
The present study, which was carried out with phosphorylated
PLN in lipid bilayers and micelles, establishes that the overall
architecture of the pS16-PLNWT is similar to that of the nonphos-
phorylated form, with a reduced helicity of the cytoplasmic
domain in proximity to the phosphorylation site. The calculated
cavity and its maximum diameter as a function of the Z coordi-
nate are represented in Figure 6. As with the nonphosphorylated
pentamer, the pore of the phosphorylated pentameric assembly
does not exceed 3 A˚. The pore is coated exclusively by side
chains; none of the polar backbone atoms are accessible from
the inside. Three of the side chains located in the juxtamembrane
region aremoderately hydrophilic (Q23, Q26, andQ29), and form
interprotomer (Q29) and possibly intraprotomer (Q23 to Q26 or
Q26 to Q29) polar contacts. The rest of the residues in the
pore are hydrophobic methyl groups of the zipper motif (Leu
37, 44, 51, and Ile 33, 40, 47). Although this organization isAll rights reserved
Table 3. Topological Parameters of a Helices in the Structural
Ensemble of pS16-PLNWT
Span (Residues)a Tilt t () Rotation r ()b
pS16-PLNWT
Cytoplasmic helix 2–14 100 ± 5 314 ± 10
TM helix 24–51 11 ± 3 302 ± 18
S16-PLNWTc
Cytoplasmic helix 3–17 86 ± 3 308 ± 18
TM helix 25–51 10 ± 1 274 ± 13
Angle q between the helices was calculated to be 100 ± 8 (pS16-PLNWT)
and 94 ± 6 (S16-PLNWT).
aCalculated using DSSP.
bReference atoms are amide nitrogens of T8 (cytoplasmic helix) and L37
(TM helix). For definitions of angles, see Figure 1.
cPDB entry 2KYV (Verardi et al., 2011).
Figure 4. SERCA Activity in the Presence of pS16-PLNWT
Coupled-enzyme assays for SERCA alone (black), SERCA in the presence of
PLNWT (red), or pS16-PLNWT (blue).
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Structural Dynamics of Phosphorylated PLN Pentamerreminiscent of ion channel architecture (i.e., hydrophilic residues
that provide selectivity and hydrophobic ones that strip thewater
shell), there is a restriction of the pore around residues 26, 29, 33,
and 37, with the average diameter ranging from 1.4 to 1.8 A˚,
which would prevent Ca2+ ion transport (Tsien et al., 1987). In a
recently solved structure of the Orai Ca2+ channel, the average
pore diameter is 3 A˚ and can reach 1.5 A˚ (Hou et al., 2012). In
this case, however, the charges are present in the side chains
coating the inner pore and their rearrangement would facilitate
ion translocation.
For the pS16-PLNWT pentamer, the juxtamembrane region
does not possess negatively charged residues that could consti-
tute a selectivity filter, which inOrai closelymatches the diameter
of the ion. The pore constrictions at glutamines 26 and 29 are
defined mainly by the amide group, a less efficient ligand for
Ca2+ (Forsen and Kordel, 1994). Importantly, the hydrophobic
residues span five helical turns, constituting a high-energy bar-
rier to ion transport. Also, the preferred coordination geometry
for Ca2+ ions is pentagonal bipyramid (akin to the EF-hand motif;
Yang et al., 2002), which requires an additional ligand positioned
deeper in the pore. The pore of PLN is devoid of such a ligand,
and it is unlikely to be water (Becucci et al., 2009). Recent
electrochemical impedance spectroscopy measurements on
pS16-PLNWT also revealed its inability to conduct ions at physi-
ologically relevant TM potentials (Becucci et al., 2013).
Themost significant changes that occur upon phosphorylation
are located in the cytoplasmic domains. The amphipathic
cytoplasmic domain Ia of PLN populates both folded, mem-
brane-associated (T-state) and unfolded, membrane-detached
(R-state) conformations (Gustavsson et al., 2011a; Karim et al.,
2004). This equilibrium, which is critical for SERCA regulation,
is present for the phosphorylated protein, with the population
of the unfolded state increasing upon phosphorylation (Gustavs-
son et al., 2011a, 2012). The phosphate group in position 16 in-
creases conformational dynamics in the pico- to nanosecond
timescale, encompassing residues in the loop up to the distal
sites of the N terminus. These conformational dynamics facilitate
the folded-to-unfolded (order-to-disorder) transition of the cyto-
plasmic domain, which can bind and regulate SERCA function
(Gustavsson et al., 2013).
Previously, we demonstrated that there is an inverse correla-
tion between the enhanced conformational dynamics of domainStructure 21, 2119–21Ia and PLN inhibitory potency (Ha et al., 2007, 2012). Site-spe-
cific mutations that increase PLN’s internal dynamics, promoting
detachment of domain Ia from the membrane and concomitant
unfolding, also upregulate SERCA. Thus, the nonphosphorylated
form of monomeric PLNAFA bearing the P21G mutation shows
enhanced dynamics in this region and behaves functionally as
the pseudophosphorylated S16E mutation, whereas two glycine
mutations fully mimic the effects of phosphorylation (Chien,
2006; Ha et al., 2007). Nonetheless, the coupling between the
two domains remains essential, and it was shown that an overly
flexible loop does not follow the linear trend (Ha et al., 2012). The
phosphorylation event described here introduces disorder in the
C-terminal portion of the cytoplasmic domain, leading to its
partial unfolding and detachment from the membrane (with the
conformation of the cytoplasmic domain being akin to the T0
state; Gustavsson et al., 2011a) along the energy landscape of
this polymorphic domain.
Although they dismiss the formation of a classical ion channel,
our results for pentameric pS16-PLNWT support our regulatory
model, in which oligomerization has buffer effects on SERCA
regulation, fine-tuning the concentration of phosphorylated
monomers that can bind and upregulate SERCA. Both phos-
phorylated and nonphosphorylated PLN keep SERCA function
within a well-defined physiological window, and exceeding this
window by either superinhibition or loss of function causes the
progression of heart disease (Kranias and Hajjar, 2012). Keeping
PLN regulation of SERCA within this physiological window re-
quires maintenance of a correct equilibrium between its mono-
meric and oligomeric states (Chu et al., 1997; Ha et al., 2011),
the ability of PLN to be effectively phosphorylated (Ceholski
et al., 2012; Said et al., 2003), a net charge of the regulatory
domain (Hou et al., 2008; Medeiros et al., 2011), and structural
communication between TM and regulatory domains for effec-
tive signal transduction (Ha et al., 2012).
Since SERCA and PLN are emerging as targets for gene ther-
apy by adeno-associated gene transfer, knowledge about all the
functional states of these proteins is central to the design of30, December 3, 2013 ª2013 Elsevier Ltd All rights reserved 2125
Figure 5. NMR Dynamics of Phospholamban Species
(A and C) Model-independent relaxation parameters for nonphosphorylated and pS16 forms of pentameric PLNWT and monomeric PLNAFA at 600 MHz.
(B andD)Model-independent relaxation parameters derived from the 600MHz data plotted as a colormap on the structures of PLN in the nonphosphorylated and
pS16 forms. Color scales for a given parameter are indicated and ramped in increments of one unit; white spheres indicate absent data.
See also Figure S6.
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Structural Dynamics of Phosphorylated PLN Pentamerappropriate strategies for intervention (Anderson et al., 2011;
Hadri et al., 2010; Marks, 2013; Naim et al., 2013).
EXPERIMENTAL PROCEDURES
Protein Preparation
PLNWT was cloned in a pMal expression vector (New England Biolabs) and
expressed in Escherichia coli cells grown in M9 media, supplemented with
15NH4Cl as the sole source of
15N (uniform labeling), or in combination with
the nonlabeled amino acids (residue type reverse labeling) (Vuister et al.,
1994). Isotope-labeled compounds were purchased from Isotec or Cambridge
Isotope Laboratories. Maltose binding protein-PLN fusion protein was purified
on amylose resin, cleaved with tobacco etch virus protease, and purified by
high-performance liquid chromatography (HPLC) utilizing a Vydac C8 column
(Grace) with a linear water-isopropanol gradient at 1.5%/min at a 2ml/min flow
rate (Buck et al., 2003; Veglia et al., 2010). The phosphorylation of S16 was
accomplished by incubating PLNWT in b-D-octylglucoside (1/100 w/w) with
the recombinant catalytic subunit of protein kinase A (PKA-C) at pH 7.0 and
30C for 12–16 hr. Completion of the phosphorylation reaction and sample pu-
rity were assessed by gel-shift assays and ESI-MS (Figure S1).
Selectively labeled PLNWT was prepared using a Liberty microwave-
assisted peptide synthesizer (CEM). The synthesis was performed on a2126 Structure 21, 2119–2130, December 3, 2013 ª2013 Elsevier Ltd0.05 mmol scale using preloaded PEG-polystyrene resin. The activators
used were HBTU (regular coupling, 10-fold amino acid excess) and PyClock
(isotope coupling, 2-fold amino acid excess) (Subiros-Funosas et al., 2008).
Each residue was double coupled. Methionine and cysteine residues were
coupled in the conventional (nonmicrowave) fashion to reduce the risk of race-
mization. Side-chain deprotection and cleavage were accomplished using
modified Reagent K (room temperature, 3 hr), with 1,2-ethanedithiol
substituted with 3,6-dioxa-1,8-octanedithiol (King et al., 1990; Teixeira et al.,
2002). Synthetic PLNWT was purified using reverse-phase HPLC under the
conditions described above for the recombinant protein.
Solution NMR
Solution NMR experiments were performed on a 600 MHz Varian and a 750
MHz Bruker Avance III DMX equipped with cryogenic probe. PLN was recon-
stituted in DPC-d38 micelles (1:70 w/w) by mixing the appropriate amounts of
protein and detergent powder, and dissolving them in 50mMphosphate buffer
with 100mMNaCl, pH 6.0. For PLN/detergent NOE, U-2H,15N-PLNWT and fully
protonated DPC were employed. Relaxation experiments were carried out at
37C at the two magnetic field strengths, utilizing the pulse sequences
described by Farrow et al. (1994). Experimental uncertainties were estimated
from duplicate delays (R1 and R2) or duplicate experiments (
1H-15N NOE). Er-
rors in the products or ratios of R1 and R2 were calculated according toAll rights reserved
Figure 6. Inner Pore of the Pentameric Assembly of pS16-PLNWT
Structural features were analyzed with the programMOLE (Petrek et al., 2007).
The surface of the pore is shown in blue and is overlaid with the structural
ensemble, aligned at the TM domains. The maximum pore diameter was
calculated for the five lowest-energy structures and is presented as mean ±
SD. The red line indicates the diameter of the nonhydrated Ca2+ ion (1.98 A˚;
Tsien et al., 1987).
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ssNMR
Separated local field (SLF) PISEMA (Wu et al., 1994) data were acquired on
PLNWT incorporated in DOPC/DOPE (4/1 mol/mol; Avanti Polar Lipids). The
total amount of lipid was 60 mmol with a pentamer/lipid ratio of 1/100 mol/
mol (Traaseth et al., 2009; Verardi et al., 2011). Protein in trifluoroethanol
and lipids in chloroform were comixed, organic solvent was removed under
a stream of nitrogen gas, and residual organic solvent was removed under
high vacuum. The protein-lipid mixture was resuspended in water, deposited
evenly between 36 glass slides (Marienfeld), partially dehydrated at 33% rela-
tive humidity (saturated solution of MgCl2), and rehydrated by adding water up
to 45%w/w (Cornell et al., 1988; van der Wel et al., 2002). Lipid alignment was
verified using 31P (Figure S2). Typically, a 300–500 ms cross-polarization con-
tact time was employed, the dipolar evolution was 400–600 ms, and 1,500–
3,000 scans per increment were acquired. Data were acquired at 600 MHz
(Bruker DRX) and 700 MHz (Varian) with a low-E 15N-1H probe (Gor’kov
et al., 2006). Bicelle samples were prepared using the long-chain lipid
DMPC/POPC (4/1 mol/mol) and the short-chain lipid DHPC. Importantly,
the presence of POPC lipid reduces the optimal temperature necessary to
form an aligned bicellar phase. To induce parallel orientation of lipid bilayers
relative to B0, YbCl3 was added to the sample to a final concentration of
10 mM. The q value employed was 4.5, as a lower value (i.e., q = 3.2) resulted
in incomplete alignment and smaller dipolar couplings (data not shown). The
SLF spectra for bicelle preparations were acquired on a Varian spectrometer
operating at 700 MHz.
DARR experiments (Takegoshi et al., 2001) were performed on a phosphor-
ylated PLN sample consisting of an asymmetric isotopic mixture of 15N/13C-Structure 21, 2119–21Leu PLNWT and 15N/13C-Ile PLNWT reconstituted in DOPC/DOPE 4/1 (mol/mol)
multilamellar vesicles (MLVs), 20 mmol total lipid. The MAS rate was 8 kHz and
the DARR mixing time was 400 ms. Data were acquired at 15C.
Structure calculations were performed with Xplor-NIH 2.33 (Schwieters
et al., 2003). Structural restraints (Table 1) were obtained through HSQC-
NOESY at 600 MHz field (Varian), utilizing a 200 ms mixing time, and binned
as described previously (Verardi et al., 2011). Chemical shift data were
converted to dihedral restraints with Talos+ (Shen et al., 2009). SLF data
weremodeled using the Xplor-NIH routines (Straus et al., 2011) with 15N chem-
ical shift tensor components of s11 = 64, s22 = 77, s33 = 216 ppm (Shi et al.,
2009). The Da component of the dipolar coupling alignment tensor was set
to 9.5 kHz, corresponding to the value of the generalized order parameter of
0.93 (assuming a 1.06 A˚ NH bond length, with the maximum dipolar coupling
therefore being 10.22 kHz) and the chemical shift alignment tensor was scaled
accordingly. As noted previously, minor variations in the order parameter
or chemical shift tensor components do not have a profound effect on the qual-
ity of the structure, but do lead to higher energies of the corresponding terms
resulting from a poor data fit (Shi et al., 2009; Vostrikov et al., 2011a). The
DARR data were modeled as ambiguous restraints between L37, L44, L51,
and I33, I40, I47 based on the structure of the nonphosphorylated form as
well as mutagenesis data, indicating that all of these residues are essential
for the stability of the pentamer (Simmerman et al., 1996). The distance range
for the observed DARR cross-peaks was set between 1.8 and 6.5 A˚ irre-
spective of the peak intensity. The Ez potential energy function (Senes et al.,
2007; Shi et al., 2009) was employed at the monomer calculation step for
the depth of insertion, and then switched to planar restraints during the pen-
tamer refinement. In addition to the standard Xplor-NIH potentials (Table
S1), knowledge-based hydrogen bonding, Ramachandran, and residue affinity
potentials were employed. Structures were visualized with PyMOL (DeLano,
2008).
ATPase Activity Assays
Consumption of ATP by SERCA was measured using an enzyme-coupled
assay in DOPC/DOPE 4/1 MLVs as previously described (Ha et al., 2007;
Madden et al., 1979). Temperature was maintained at 37C and the PLN/
SERCA/lipid ratio was 6:1:700. Enzyme activity was monitored at 340 nm
continuously for 8 min with a 9 s dwell time and fitted to a linear curve. The
curve slopes at different Ca2+ concentrations were fitted to the Hill equation,
with the midpoint of the sigmoidal curve being the pKCa value.
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